2013). In addition, flies display all behavioral hallmarks of sleep including extended periods of behavioral quiescence, rebound following deprivation, increased arousal threshold, and species-specific changes in posture (Hendricks et al. 2000; Shaw et al. 2000) . Multiple systems for behavioral analysis are available for high-throughput detection and measurement of fly activity including infrared monitoring and automated video tracking (Zimmerman et al. 2008; Pfeiffenberger et al. 2010; Donelson et al. 2012; Gilestro 2012) . Sleep in Drosophila is typically defined by periods of behavioral quiescence lasting 5 min or longer. This characteristic associates with other behavioral hallmarks of sleep including enhanced arousal threshold and rebound following deprivation (Hendricks et al. 2000; Shaw et al. 2000) . Recent findings measuring local field potentials to determine neural activity, and arousal threshold as an indicator for sensory gating, suggest that flies enter a 'deep sleep' following approximately 15 min of behavioral quiescence, raising the possibility that this is functionally analogous to slow wave sleep in mammals (van Alphen et al. 2013) . Similarities are also present at a molecular level, where the sleep-suppressing effects of the stimulants caffeine, cocaine, and modafinil are conserved from flies to humans (Shaw et al. 2000; Hendricks et al. 2003; Wu et al. 2009; Lebestky et al. 2009 ). Therefore, flies present an excellent genetic model for investigating the regulation of sleep in mammalian systems.
A powerful genetic tool kit in Drosophila allows for the identification of genes and neural circuits that regulate sleep. In flies and mammals, sleep-wake regulation involves dynamic interactions between sleep and wakepromoting neural circuits (Griffith 2013) . Therefore, it is unlikely that sleep is controlled by a primary 'sleep center'. Four neural loci involved in sleep-wake regulation appear to be particularly important for sleep-wake regulation: the sleep-promoting mushroom bodies, dopaminergic modulation of dorsal fan-shaped body (dFSB), the hypothalamus-like Insulin Producing Cells (IPCs), as well as a sleep-suppressing role for the circadian pacemaker neurons (reviewed in Griffith 2013; Fig. 1 ). The mushroom bodies are composed of ~5,000 neurons that are critical for sensory integration and olfactory memory (Heisenberg 2003; Keene et al. 2004; Davis 2011) . Ablation or genetic silencing of the mushroom bodies disrupts sleep, while genetic activation of this structure induces sleep, revealing that sleep is gated by mushroom body activity (Joiner et al. 2006; Pitman et al. 2006) . The neurons innervating the mushroom bodies are well characterized and include monoaminergic and peptidergic modulatory neurons that are required for memory formation, and second-order olfactory projection neurons that connect the mushroom bodies to the antennal lobe (Tanaka et al. 2008; Claridge-Chang et al. 2009; Burke et al. 2012) . While the sleep-regulating mushroom body-associated neurons are not well understood, the Dorsal Paired Medial (DPM) neurons innervate the mushroom bodies and are required for the formation of both memory and sleep (Yu et al. 2005; Liu et al. 2008; Akalal et al. 2011) . Silencing DPM neurons results in fragmented sleep, raising the possibility that DPM-mushroom body connectivity is important for sleep maintenance (Liu et al. 2008) .
The Drosophila central complex is a neural center regulating locomotion and visual processing (Liu et al. 2006; Poeck et al. 2008; Seelig and Jayaraman 2013) . Activation of neurons forming the dorsal fan-shaped body (dFSB), a substructure within the central complex, robustly induces sleep . The dFSB receives input from the protocerebral posteriolateral cluster 1 (PPL1) and protocerebral posteriomedial 3 (PPM3) cluster of dopamine neurons that likely inhibit dFSB activity to suppress sleep (Ueno et al. 2012; Liu et al. 2012; Kayser et al. 2014) . The excitability of dFSB neurons changes in accordance with sleep debt, supporting the notion that this is a central regulator of sleep drive (Donlea et al. 2014) . The sleep-promoting effects of the dFSB are also critical for neuronal, behavioral, and structural plasticity. Wake-promoting PPL1 dopamine neurons that innervate the dFSB are less active during early-life, resulting in enhanced sleep which is required for proper brain development (Kayser et al. 2014) . Further supporting a role of the dFSB in sleep-dependent plasticity, the detrimental effects of early-life sleep deprivation on memory are rescued by targeted blockade of dopamine signaling, and thermogenetic activation of dFSB neurons facilitate the formation of long-term memory (Seugnet et al. 2011; Donlea et al. 2011) . Therefore, in addition to homeostatic regulation of sleep, the dFSB appears to be critical for the integration of sleep with developmental and experience-dependent modification of behavior.
There is also considerable overlap between the neural circuitry regulating sleep and circadian rhythms. The primary pacemaker neurons, the ventral lateral neurons (LNvs), express the neuropeptide pigment dispersing factor (PDF) that promotes arousal and is essential for 24 h locomotor rhythms when animals are placed in constant darkness (Renn et al. 1999; Parisky et al. 2008) . Sleep is enhanced in PDF signaling mutants indicating a wakepromoting role the LNvs (Parisky et al. 2008) . The LNvs receive inhibitory input through GABA-A receptor activity that enhances sleep duration (Parisky et al. 2008; Agosto et al. 2009 ). Numerous cellular regulators of metabolism, including insulin signaling pathway components, function in LNvs pacemaker cells to regulate 24 h rhythms indicating that these neurons are involved in integrating metabolic cues with behavior (Zheng et al. 2007 ). Understanding how the identified sleep-regulating neurons function within a dynamic network that includes the neural circuitry regulating circadian rhythms will be critical for understanding how sleep is modulated within the brain.
Dietary regulation of sleep
Flies starved on a diet of agar alone become hyperactive and reduce sleep, but the specific dietary components required for normal sleep are not known (Lee and Park 2004; Keene et al. 2010; McDonald and Keene 2010) (Fig. 2) . In the wild, the Drosophila melanogaster diet consists primarily of complex sugars obtained by feeding primarily on rotting fruit (Atkinson and Shorrocks 1977) . The laboratory diet of Drosophila is significantly more complex, consisting of carbohydrates, as well as protein and fat from yeast. Altering dietary components robustly affects behavior, physiology, and longevity (Mair et al. 2005; Lee and Micchelli 2013) . A proper dietary balance of sugar and yeast is important for the maintenance of homeostasis and fitness. For example, raising dietary sugar concentration increases triglyceride levels, which can be suppressed by simultaneously increasing the yeast concentration (Skorupa et al. 2008) . The protein component of yeast is required for proper growth and development in flies and larvae fed a sugar diet are severely undersized (Britton and Edgar 1998; Britton et al. 2002) . In addition, restricting caloric intake has been implicated in increasing lifespan and reducing reproductive output of the animal, revealing diet-related trade-offs between longevity and behavior (Chapman and Partridge 1996; Good and Tatar 2001; Piper et al. 2014) .
A number of studies have examined the effects of different diets on fly sleep. Flies fed a diet of 5 % sucrose-alone have a similar sleep duration to flies fed normal food suggesting that dietary protein is not required for this behavior ). An alternative study examining the contributions of dietary sugar and yeast to sleep architecture reported no difference in total sleep duration between flies fed a high or low calorie diet of sucrose and yeast (Linford et al. 2012) . Interestingly, increasing the dietary sucrose concentration from 5 to 35 % does not alter the total sucrose consumed, but suppresses sleep (Catterson et al. 2010) . Therefore, these studies seem to suggest that flies sleep normally when fed moderate concentrations of sucrose, but high concentrations of dietary sucrose suppress sleep through a mechanism that is independent of total caloric intake.
Gustatory and olfactory sensory inputs influence many behaviors including locomotor activity and food-searching strategies (Winther et al. 2006; Root et al. 2008) . However, the effects of food on sleep duration appear to be independent from these sensory inputs. Flies lacking the sugar-sensing gustatory receptors Gr5a and Gr64a do not respond to sucrose and sleep normally, suggesting that the effects of dietary sugar on sleep are independent from sensory inputs (Dahanukar et al. 2007; Dus et al. 2011) . Supporting these findings, flies fed the non-caloric sweetener sucralose suppress sleep similarly to flies starved on agar . While dietary perception of sugar does not appear to affect sleep duration, it may impact sleep quality. Feeding a sugar-only diet to flies lacking sugar receptors results in fragmented sleep, suggesting that sensory perception of sugar modulates sleep architecture, but not sleep duration (Linford et al. 2012) . Therefore, gustatory sensation of sugar may consolidate sleep bouts without affecting total sleep duration.
Yeast represents the primary protein source for flies and its addition to the diet suppresses sleep in male, while enhancing sleep in female flies (Catterson et al. 2010 ). The nutritional value of yeast is predominantly in the form of amino acids, and it remains to be determined whether specific amino acids within dietary yeast modulate sleep. The amino acid methionine appears to be critical for fecundity and lifespan, raising the possibility that methionine may modulate sleep in aging animals (Grandison et al. 2009 ). Furthering our understanding of dietary contributions to sleep will require systematic approaches to measure both acute and long-term effects of dietary components on sleep. Taken together, these studies indicate that a diet of sugar alone is sufficient for normal sleep duration and that consolidation of sleep bouts may be dependent on the sensory perception of sugar.
The differences observed among studies examining the effects of diet on sleep may be in part due to different components of 'standard diets' and protocols for food preparation (Linford et al. 2012) . Recently, a holidic diet has been described to be sufficient for long-term survival in Drosophila (Piper et al. 2014 ). This diet is composed of purified ingredients that include defined concentrations of amino acids, sucrose, and cholesterol, providing an opportunity to examine contributions of individual nutrients to sleep. Flies fed the holidic diet have similar sleep and activity to those maintained on a standard diet of sugar and yeast, but the effect of individual dietary components has not been tested (Piper et al. 2014) . While it will be of great interest to determine the contributions of dietary components to sleep, it will remain difficult to account for changes in food consumption based on diet. Therefore, a confounding factor of these experiments will be the possibility of differences in calories consumed or temporal differences in meal consumption over the course of the sleep assay.
Neurohormonal regulation of metabolism
In mammals, the peptide hormones insulin and glucagon are critical for regulation of blood-glucose levels and energy availability (Saltiel and Kahn 2001; Unger and Cherrington 2012) . Drosophila possesses functional orthologs of insulin and glucagon that appear to have conserved roles in the regulation of metabolic function (Edgar 2006) (Fig. 3) . The glucagon ortholog adipokinetic hormone (AKH) is expressed in peptidergic secretory cells of the corpora cardiaca (CC) (Kim and Rulifson 2004; Lee and Park 2004; Park et al. 2008) . The CC receives input from insulin producing cells (IPCs) and secretes AKH into the hemolymph (Rulifson et al. 2002; Kim and Rulifson 2004) . Ablation of the CC results in hypoglycemia, highlighting the importance of these cells in glucose sensing and overall metabolic regulation (Kim and Rulifson 2004) . AKH binds to the Adipokinetic Hormone Receptor (AKHR), a G-protein coupled receptor that is expressed in the brain, fat body, and possibly other tissues (Kim and Rulifson 2004; Bharucha et al. 2008) . The subsequent breakdown of glycogen and lipids in muscles and fat body are then used for energy (Canavoso et al. 2001; Van der Horst 2003) . Manipulations that impair AKH signaling promote glycogen and triglyceride storage, confirming a role for this pathway in controlling carbohydrate and fat metabolism (Kim and Rulifson 2004; Lee and Park 2004; Isabel et al. 2005) . AKH function is also implicated in a number of behaviors associated with hunger-induced motivation, including odor-conditioned feeding approach, feeding, and locomotor behavior (Lee and Park 2004; Burt et al. 2014 ). Ablation of AKH-producing cells reduces the hyperlocomotor and feeding responses to starvation and increases starvation resistance (Lee and Park 2004 ; Bharucha et al. Regions are color-coded to match their proposed analogous structure. Fat body cells (yellow) secrete unpaired 2 (upd2) the functional ortholog of mammalian leptin. The fat body cells also secrete ILP6 that is proposed to have autoregulatory properties. The Insulin Producing Cells (blue, IPCs) appear to function similarly to mammalian pancreatic beta-cells and the hypothalamus. The Drosophila corpora cardiaca (orange) secretes Adipkinetic Hormone (AKH), which is a functional ortholog of mammalian glucagon that is released from the pancreatic alpha-cells 2008). Therefore, AKH signaling potently regulates behavior in response to starvation, but it is unclear whether these changes are due to altered energy stores or the acute effects of AKH function.
The Drosophila genome encodes for 8 distinct insulinlike peptide (ilp) genes that are structurally conserved with mammalian insulin and regulate metabolism, behavior, and growth during development (Brogiolo et al. 2001; Britton et al. 2002; Rulifson et al. 2002; Wu et al. 2005 ; DiAngelo and Birnbaum 2009). These genes differ in expression, temporal regulation, and function. Ilp2, ilp3, and ilp5 are expressed in 10-14 medial neurosecretory cells that regulate many behaviors including sleep and feeding through the systematic release of ILPs and direct innervation of the AKH-producing cells (Broughton et al. 2005) . In larvae, both ilp3 and ilp5 are transcriptionally downregulated in response to starvation, suggesting a role in nutritional statedependent regulation of behavior and metabolism (Ikeya et al. 2002) . The 8 ILPs bind to a single insulin-like receptor (dInR), which is proposed to express ubiquitously (Fernandez et al. 1995) . Unlike all other ilps, ilp6 is predominantly expressed in the liver/adipose tissue-like organ, the fat body, raising the possibility that insulin signaling in the fat body is auto-regulated (Okamoto et al. 2009 ). Activating insulin signaling specifically in the fat body promotes fat storage similar to mammals (Saltiel and Kahn 2001; DiAngelo and Birnbaum 2009) . Therefore, ILPs and AKH have diverse functions in regulating metabolism and behavior.
Endocrine integration of sleep and metabolic function
A number of genes have been shown to function within the IPCs to regulate sleep, locomotor activity, and circadian rhythms. Specific subpopulations of IPC neurons express neuropeptide co-transmitters that regulate locomotor behavior (Cavanaugh et al. 2014) . Furthermore, the Epidermal Growth Factor Receptor (EGFR) ligand rhomboid-1 (rho) is predominantly expressed in the IPCs, and heatshock induction of the EGFR ligands, rho and Star, induce sleep, supporting the notion that the IPCs acutely regulate sleep (Foltenyi et al. 2007 ). Ablation of the IPCs increases sleep sensitivity to a reduced calorie diet, raising the possibility that these cells buffer against diet-induced alterations in sleep (Broughton et al. 2010) . Supporting the notion that the IPCs are integrators of diet and activity, mutants for Drosophila Arc1, which is expressed in the IPCs, or flies with disrupted AKH function do not increase locomotor activity in response to starvation (Mattaliano et al. 2007; Lee and Park 2004) . Therefore, the IPCs appear to be central integrators of sleep/activity and metabolic state and may function similarly to the mammalian hypothalamus to integrate these processes.
The IPCs co-secrete the insulin-like peptides ilp2, Ilp3, and ilp5, along with other neuropeptide co-transmitters. Overexpression of ilp2, as well as ectopic activation of insulin signaling in the fat body or brain does not alter sleep, suggesting that insulin-like signaling is not directly responsible for the IPC-dependent regulation of sleep (Erion et al. 2012) . Deletion of all three ilps expressed in the IPCs protects against age-related disruption in sleep, suggesting the ilp release from IPCs regulates age or stressdependent changes in sleep (Metaxakis et al. 2014) . Future work examining the sleep phenotypes of ilp2, ilp3 and ilp5 flies, as well as other neuropeptides that are expressed in the IPCs, may be informative in uncovering the mechanism through which IPCs regulate sleep in response to aging and other environmental factors.
It is possible that IPCs, much like the pancreatic betacells, serve as tissue-type autonomous nutrient sensors. There is also strong support for octopamine, the fly analog of norepinephrine, targeting the IPCs to modulate sleepwake behavior. Feeding flies octopamine or genetically activating octopamine neurons potently promotes wakefulness in Drosophila through the activation of PKA (Crocker and Sehgal 2008) . Octopamine is expressed in ~100 cells in the brain that innervate diverse brain regions including the mushroom bodies and IPCs (Sinakevitch and Strausfeld 2006; Busch et al. 2009 ). Expressing the Na + bacterial channel NaChBac to hyperactivate distinct classes of octopamine neurons demonstrates the role of the IPCinnervating anterior superior medial protocerebrum (ASM) neurons in suppressing sleep (Crocker et al. 2010 ). Selectively inhibiting PKA activity in the IPCs through expression of a PKA regulatory subunit blocks the effects of octopamine feeding on sleep, indicating that octopamine targets the IPCs (Crocker et al. 2010) . Disruption of PKA function in other sleep-promoting centers, including the mushroom bodies and dorsal fan-shaped body, does not block the wake-promoting effects of octopamine (Crocker et al. 2010) . Physiological imaging with the genetically encoded cAMP sensor EPAC-FRET confirms elevated cAMP levels in IPCs in response to octopamine, supporting the notion that these neurons express a Gαs coupled octopamine receptor (Crocker et al. 2010 ). In addition to sleep regulation, octopamine also targets the IPCs to regulate metabolism. While the wake-promoting effects are not dependent on ilp2 or ilp3, activating the octopamine-producing neurons enhances triglyceride levels. This increase in triglycerides is partially blocked in ilp2, ilp3 double mutants suggesting that the regulation of fat metabolism by octopamine is partially dependent on ilp2 and ilp3 (Erion et al. 2012) . It is likely that the sleep-suppressing octopamine neurons that innervate the IPCs are distinct from those regulating energy stores. These findings reveal that both the wake-promoting and metabolic effects of octopamine are regulated by the IPCs, providing a link between insulin, sleep, and metabolism.
A role for the fat body in sleep regulation
Adipose tissue senses overall nutrient levels in the animal and modulates behaviors through metabolic control of energy stores and secreted factors that regulate neural function (Ahima and Lazar 2008; Morton and Schwartz 2011) . In Drosophila, the fat body is central to the control of energy homeostasis and represents the primary site of glycogen and triglyceride storage, as well as the main detoxification and immune organ of the fly. The Drosophila fat body has been implicated in regulation of numerous behaviors including courtship, feeding and egg-laying (Lazareva et al. 2007; Xu et al. 2008 Xu et al. , 2011 Sassu et al. 2012) . Several sleep-regulating genes are expressed preferentially in the fat body including Angiotensin-converting enzyme peptidase (ACER). Genetic mutation or pharmalogical blockade of ACER has disrupted night-time sleep, raising the possibility that the fat body functions to promote sleep (Carhan et al. 2011) . Fat body function appears to be particularly important for regulating homeostatic sleep changes in response to stressors including starvation and sleep deprivation. Flies mutant for the adipose triglyceride lipase brummer, a gene highly expressed in the fat body, have elevated triglyceride stores and have an enhanced homeostatic response to sleep deprivation (Grönke et al. 2005; Thimgan et al. 2010) . Conversely, flies mutant for lipid storage droplet 2 (lsd2) have reduced triglyceride levels and do not display a homeostatic rebound in response to sleep deprivation, revealing that triglyceride stores in the fat body enhance the homeostatic response to sleep deprivation (Thimgan et al. 2010) . Enhanced triglycerides do not appear to acutely regulate sleep because flies mutant for lsd2 have normal sleep architecture (Linford et al. 2012) . Therefore, the homeostatic response to sleep deprivation and basal regulation of sleep are likely regulated by distinct mechanisms.
Adipose tissue may modulate sleep through secretion of peptide hormones. In mammals, leptin secreted from adipose tissue binds to hypothalamic receptors to modulate sleep and feeding behavior (Inutsuka and Yamanaka 2013) . Sleep deprivation disrupts leptin function, and this likely contributes to the increased feeding and weight gain that accompany chronic sleep deprivation in mammals (Taheri et al. 2004; Barf et al. 2012) . Mice that lack the leptin receptor are obese and hypersomnolent, fortifying the notion that leptin inhibits feeding and promotes sleep (Laposky et al. 2006) . Recently, the Drosophia cytokine upaired 2 (upd2) was identified as an ortholog of mammalian leptin (Rajan and Perrimon 2012) . Secretion of upd2 from the fat body regulates insulin accumulation and release from the IPCs (Rajan and Perrimon 2012) . While the role for upd2 in sleep modulation has not been studied, these findings suggest that upd2 may function through the IPCs to regulate sleep in response to metabolic changes.
Novel genetic regulators of sleep-metabolism interactions
A number of genes that are required for metabolic regulation of sleep have been identified in Drosophila. Drosophila foraging (for) encodes for a cGMP-dependent Protein Kinase (PKG) that regulates feeding behaviors and context-dependent regulation of sleep (Osborne et al. 1997) . Naturally occurring polymorphisms in for effect a number of behaviors. for rover (for R ) flies have higher levels of PKG activity than for Sitter (for S ) flies and this polymorphism results in a number of sleep-related behavioral differences. Flies with the for S polymorphism do not suppress sleep in response to starvation suggesting that modulation of PKG activity is critical for the integration of metabolism and sleep . In addition to regulating metabolism and sleep, for appears to also regulate trade-offs between resilience to sleep deprivation and starvation. Enhanced PKG activity increases vulnerability to starvation-induced memory loss but protects against mechanically induced sleep deprivation, suggesting that for is involved in a trade-off between sleep and memory loss (Donlea et al. 2012 ). This effect is localized to the mushroom bodies, a region that is not required for starvationinduced sleep suppression , raising the possibility that for acts in different regions of the brain to regulate starvation-induced responses and sleep-memory interactions.
Both sleep and metabolism are influenced by the circadian system and disruption of the transcriptional activators Clock or cycle increases sleep loss in response to starvation . Interestingly, both wild-type and cycle mutant flies lack a compensatory sleep rebound following starvation, suggesting that sleep loss through starvation involves mechanisms that are distinct from mechanical or pharmacological sleep loss (Thimgan et al. 2010) . The increased sensitivity of Clock and cycle mutants to starvation-induced sleep suppression is unlikely to be caused by reduced energy stores because adiposity is enhanced in cycle mutants and selectively disrupting Clock in the fat body does not affect sleep suppression during starvation (Thimgan et al. 2010; Keene et al. 2010) . The effect of Clk on sleep regulation during starvation appears to localize to the dorsally located populations of circadian neurons that may receive inputs from the arousal promoting LNvs . The dorsal clock neurons project to a region that includes the IPCs, raising the possibility that Clock/cycle modulate insulin release (Kaneko and Hall 2000) . Therefore, a population of circadian neurons regulates interactions between sleep and metabolism, possibly through interactions with IPC neurons.
Conclusions
Powerful genetic tools and behavioral assays are available for investigating the genes and neurons regulating interactions between sleep and metabolism in Drosophila. The metabolic peptide hormones insulin and glucagon-like AKH are key regulators of sleep and locomotor activity. Forward genetic screens in the fly have led to the identification of many novel regulators of sleep and metabolism and it is likely that further study of these genes will advance our understanding of interactions between these processes. In addition, the role of the fat body in Drosophila needs to be further explored in order to define how sleep-regulating neurons are modulated in accordance with metabolic state. Examining interactions between sleep and metabolism provides the opportunity to explore how the brain communicates with peripheral metabolic organs to control physiology, metabolism, and behavior.
